The effects of five technological procedures and of the contents of total anthocyanins and condensed tannins on 19 fermentation-related aroma compounds of young red Mencia wines were studied. Multifactor ANOVA revealed that levels of those volatiles changed significantly over the length of storage in bottles and, to a lesser extent, due to other technological factors considered; total anthocyanins and condensed tannins also changed significantly as a result of the five practices assayed. Five aroma compounds possessed an odour activity value >1 in all wines, and another four in some wines. Linear correlation among volatile compounds and general phenolic composition revealed that total anthocyanins were highly related to 14 different aroma compounds. Multifactor ANOVA, considering the content of total anthocyanins as a sixth random factor, revealed that this parameter affected significantly the contents of ethyl lactate, ethyl isovalerate, 1-pentanol and ethyl octanoate. Thus, the aroma of young red Mencia wines may be affected by levels of total anthocyanins.
Introduction
Volatile compounds released during alcoholic fermentation are the main aroma components of young red wines (Rapp & Mandery, 1986) . These aroma components consist of dozens of alcohols, organic acids, esters, carbonyl compounds, sulfur compounds, nitrogen compounds, lactones and volatile phenols. Several authors have demonstrated that many factors (e.g., grape amino acids composition, sugar content and pH of must, type of yeast, temperature and aeration during the alcoholic fermentation, and length of maceration) have remarkable effects on the concentration of aroma compounds in wines (Callejon et al., 2010; Perestrelo, Fernandes, Alburquerque, Marques, & Camara, 2006) . Furthermore, cold prefermentative maceration yields young red wines with higher contents of acetates and other esters than conventional winemaking does (Alvarez, Aleixandre, Garcia, & Lizama, 2005) .
It is well known that several post-fermentation practices may change the characteristics of red wines made with similar sets of grapes. Changes in the aroma composition of red wines aged in oak casks are more pronounced if compared with wines stored in stainless steel tanks. First of all, the contact of wine with oak casks gives rise to a higher concentration of aroma compounds extracted from oak wood (Chatonnet, Boidron, & Pons, 1990) ; on the other hand, some aroma compounds formed during alcoholic fermentation are absorbed by oak wood, lowering their levels in wines (Ramirez et al., 2001) .
During the storage of wine in bottles, several chemical changes in volatile composition, like hydrolysis and formation of esters and acetals, take place. This is owing to a series of reactions that depend on the composition of wine (concentration of ethanol, pH), the time the wine is stored in the bottle and the storage temperature (Ramey & Ough, 1980; Rapp & Mandery, 1986) . The effect of temperature during the storage of red wines in bottles has been studied by several authors (Puech, Vidal, Pegaz, Riou, & Vuchot, 2006) ; sensory and chemical changes were less intense when wines were stored at low temperatures. These data suggest that the control of temperature during the storage of wines in bottles may be used to extend the shelf-life of young red wines. On the other hand, it is widely accepted that relatively high temperatures and low pH increase the hydrolysis of acetates and ethyl esters during wine storage (Ramey & Ough, 1980) and, as a consequence, the intensity of fruity aromas decreases.
Colloidal macromolecules of wines may interact with aroma compounds, as has been proved for mannoproteins released by yeast (Lubbers, Charpentier, Feuillat, & Voilley, 1994) . Interactions between macromolecules and aroma compounds may be repulsive, increasing the volatility of aroma compounds; but may also be attractive, leading to the retention of aroma compounds by colloids. Of course, those interactions depend on the nature of macromolecules and on the type of considered aroma compound (Chalier, Angot, Delteil, Thierry, & Gunata, 2007) . The protective effect of anthocyanins extracts and malvidin-3-O-glucoside on volatile thiols in model solutions during maturation has been demonstrated (Murat, Tominaga, Saucier, Glories, & Dubourdieu, 2003) , and these authors have suggested that the effect may be related to the antioxidant properties of anthocyanins.
Mencia grapes are widely cultivated in north-western Spain. Some studies on the phenolic and aroma composition of red wines made with Mencia grapes have been carried out. They have focused on the characterisation of the aroma profile of Mencia wines (Calleja & Falque, 2005; Noguerol-Pato, Gonzalez-Barreiro, Cancho-Grande, & Simal-Gandara, 2009 ), on changes of aroma profile of Mencia wines caused by the geographic origin of grapes and by the characteristics of each year (Vilanova et al., 2012) , and on modifications of the phenolic composition of those wines during their storage in bottle (Garcia-Falcon, Perez-Lamela, Martinez-Carballo, & Simal-Gandara, 2007) or caused by the use of maceration enzymes and cold prefermentative maceration (Ortega-Heras, Perez-Magariño, & Gonzalez-Sanjose, 2012). Nevertheless, these studies have not considered the effect of other oenological procedures, like winemaking technology, maturation in oak barrels or storage in stainless steel tanks, and the characteristics of storage in bottles on the aroma profile and on the general phenolic composition of Mencia wines. Moreover, the interactions among different technological factors have not been studied, both in Mencia and in other types of wines. For these reasons, a study on the effect of several technological factors on the aroma and general phenolic composition of Mencia wines has been carried out. In addition, the interactions among general phenolic composition and aroma components have been considered.
Materials and methods

Reagents, standards and enological products
All reagents, analytical grade, were supplied by Panreac (Barcelona, Spain). Analytical standards for GC-MS analysis were obtained from Sigma-Aldrich Química (Tres Cantos, Spain). Gelatine and sodium bentonite were supplied by Agrovin (Alcázar de San Juan, Spain). Sulfur dioxide was provided by AirLiquide España (Madrid, Spain).
Grapes and winemaking
Mencia grapes were harvested during the month of September in a 15-year-old vineyard, located (42.25 N, 6.59 W) in the area of Appellation d'Origine Contrôlé Valdeorras, at about 400 m a.s.l., and close to the Sil river, in an environment characterised by high relative humidity (about 80%) during the month of September. Plants, grafted on 110 Richter and trained on Cordon Royat system, are arranged N-S on a <5% slope, vine spacing being 2.50 m Â 1.40 m. Harvest took place by the end of September 2005. Grapes (5000 kg) were hand-harvested, placed in 20-kg plastic boxes, and transported to the winery. Winemaking was carried out in the Jesús Nazareno Cooperative Cellar (El Barco de Valdeorras, Orense, Spain). Grapes were crushed and de-stemmed, and were later treated with sulfur dioxide (50 mg L -1 ).
Two 2500-L stainless steel tanks were used for winemaking. In one tank, a traditional winemaking was carried out. In the other tank, a prefermentative cryomaceration was carried out, using dry ice to drop the temperature to 4-5°C; this temperature was maintained for three days, adding dry ice when necessary. In both cases, tanks were inoculated with 40 g/100 L Levuline BRG yeast (Lallemand, Alcázar de San Juan, Spain); temperature was maintained at 26°C during the alcoholic fermentation, and must was pumped over twice a day. At the end of alcoholic fermentation, wines were transferred to another stainless steel tank, and Uvaferm Alpha lactic bacteria (Lallemand, Alcázar de San Juan, Spain) were inoculated, following the manufacturer's instructions, to ensure an optimal development of malolactic fermentation. Then, wines were transferred to other stainless steel tanks. The level of sulfur dioxide was adjusted to 30 mg L -1 , remaining in those tanks until spontaneous sedimentation of lees took place. Thus, two different young red wines were obtained: a control wine made with traditional winemaking (T), and a wine made after cold prefermentative maceration (F).
Maturation and storage of wines
In February 2006, each type of wine was submitted to two different maturation practices, using two types of containers: 400-L stainless steel tanks (A) and 225-L middle-toasted American oak barrels (R); barrels were purchased from Magreñán (Logroño, Spain). For each wine, two stainless steel tanks and two oak barrels were used; wines were maintained in the maturation containers for two or three months. Thus, eight different wines were obtained after the maturation process. After maturation, wines were treated with gelatine (2 g/100 L) and sodium bentonite (30 g/100 L), filtered through diatomaceous earth, stabilised at -4°C for 10 days, and finally filtered through a filter press. Then wines were bottled in 750-mL glass bottles, using premium cork stoppers. For each wine, two different sets of bottles were obtained. A set of bottles was maintained in a chamber at 14°C (set C). The other set remained at room temperature, between 10 and 30°C (set V). Wines were analysed three and nine months after bottling. In summary, 32 different wines were obtained, combining five different technological factors: F1: type of winemaking (T or F). F2: type of container used for maturation (A or R). F3: length of maturation (2 or 3 months). F4: temperature of storage in bottles (C or V). F5: length of storage in bottles (3 or 9 months). Thus, each wine was identified by a five alpha-numeric code, e.g., wine TA2C3 was obtained by traditional winemaking, matured in a stainless steel tank for two months, and stored in bottle at controlled conditions for three months.
General analysis of must and wines
Sugar content, pH, total acidity and content of tartaric and malic acids in the must were analysed following OIV methods (OIV, 2010) . Alcoholic degree, pH, total acidity, volatile acidity, malic acid, reducing sugars, dry extract, total sulfur dioxide and free sulfur dioxide in wines after three and nine months of storage in bottles were determined by OIV methods (OIV, 2010).
Analysis of volatile compounds
Volatile compounds were determined by GC-MS in Estación Enológica de Haro (Spain), three months and nine months after bottling, following the procedure described by Prieto et al. (2012) . Extraction of volatile compounds was carried out by direct headspace trap technique, using a Turbomatrix 40 Trap (Perkin Elmer, Waltham, MA), the vial being pressurised for 1 min, and charged for 1.5 min. The following temperatures were used: needle, 110°C; oven, 85°C; transfer line, 140°C; trap, 45°C (low) and 290°C (high). Pressures were as follows: vial, 30 psi; in column, 30 psi; desorption, 30 psi. Times stipulated for the different processes that take place in the headspace were: dry purge, 10.0 min; trap at maximum temperature, 12.0 min; desorption, 10.0 min; thermostatisation, 45 min. Each cycle took 108.0 min for each chromatographic analysis. The chromatographic separation was carried out in a Clarus 500 gas chromatograph (Perkin Elmer) using a TRB-FFAP column (60 m Â 0.25 mm Â 0.25 lm), using the following oven temperature program: 3 min at 40°C, from 40°C to 80°C at 2°C/min, 15 min at 80°C, from 80°C to 180°C at 3°C/min, 10 min at 180°C, from 180°C to 210°C at 5°C/min; 5 min at 210°C. Carrier gas was He at 3 ml/min. Detection of different aroma components was carried out by mass spectrometry, using a Clarus 560S mass spectrometer (Perkin Elmer) and EI + ionisation mode. A mass range of m/z 25-250 was recorded each 0.5 s, between 9 and 90 min. Ion chromatograms and ion peaks were analysed using Turbomass GC/MS software, v. 5.4.2. Volatile compounds were identified comparing mass spectra of sample volatile compounds with mass spectra found in the NIST library, and by comparison of retention times and mass spectra of sample volatile compounds with those shown by standards; retention indices of volatile compounds were calculated. Quantification was performed from the calibration curves of the respective standards in solutions prepared in 12% ethanol at different concentrations. Those standard solutions, containing the volatile substances under study in the range of concentrations usually found for those compounds in young red wines, were prepared for the 19 volatile compounds analysed, dissolving the standards in 12% ethanol. The procedure was fully validated, following OIV procedures (OIV, 2010) . Analyses were carried out in duplicate.
Analysis of phenolic compounds
Total anthocyanins and total condensed tannins were measured after three and nine months of bottling by visible-UV spectrophptometry, using an S-22 UV/Vis spectrophotometer (Boeco, Hamburg, Germany), following procedures previously described (Ribereau-Gayon & Stonestreet, 1965; Ribereau-Gayon & Stonestreet, 1966) . Analyses were carried out in duplicate.
Determination of odour activity value (OAV)
The specific contribution of each volatile compound on wine aroma was evaluated using the odour activity value (OAV). OAV is the ratio between the concentration of each volatile compound in wine and the perception threshold of that compound in wine (Belitz & Grosch, 1999; Falque, Fernandez, & Dubourdieu, 2001) . It was considered that, for a given volatile compound, OAV > 1 means a direct influence of that compound on wine aroma. Moreover, volatile components with OAV between 0.2 and 1 may contribute to wine aroma by synergistic effects (Belitz & Grosch, 1999) . The perception thresholds mentioned in Table 3 have been used for the calculation of OAV values.
Statistical analysis
The analyses of results using multifactor ANOVA and F-test techniques were performed using Statgraphics Centurion XIV statistical package (Statistical Graphics Corp., Warrenton, VA). Calculation of the linear correlation matrix was carried out using Microsoft Excel. Due to the high number of values, the analysis was carried out in a sequential way, regarding the interactions until the fourth order and successively rejecting those interactions that were not significant (p > 0.05), pooling them within the experimental error. Some volatile components (e.g., 1-heptanol) were only detected three or nine months after bottling. In these cases, the factor length of storage in bottle was not considered for multifactor ANOVA. To evaluate the influence of total anthocyanins on aroma compounds, an additional set of multifactor ANOVA was performed, using the variable total anthocyanins as a random effect factor. 
Results and discussion
Physicochemical analysis of must and wines
Analysis of volatile and phenolic compounds
Five mid-chain alcohols, 11 esters, two mid-chain fatty acids and benzaldehyde, that are fermentation-related compounds, were identified and quantified by GC-MS. Total anthocyanins and condensed tannins were determined by UV-visible spectrophotometry. Tables 1 and 2 show the values of those parameters in wines analysed after three and nine months of bottling, respectively. Four mid-chain alcohols (benzyl alcohol, 2-phenylethanol, 1-pentanol and 1-octanol) were present in all wines, but 1-heptanol was only detected in wines aged nine months in bottles. The most abundant was 2-phenylethanol; its concentration increased during storage in bottles. This effect is related to the hydrolysis of 2-phenylethyl acetate and of its glucoside precursors, as was previously demonstrated (Lopez, Ezpeleta, Sanchez, Cacho, & Ferreira, 2004) . The content of benzyl alcohol, 1-pentanol and 1-octanol decreased dramatically during the storage of wine in bottles; this fact has been described (Laurent, Henick-Kling, & Acree, 1994) , and it may be considered a consequence of the activity of residual lactic bacteria during storage in bottles.
The most abundant esters were ethyl lactate and diethyl succinate, whose concentrations, as well as the levels of isoamyl lactate, increased during storage in bottles, as a consequence of esters formation reactions (Herjavec & Majdak, 2002) . The levels of other ethyl esters (isovalerate, hexanoate, heptanoate, octanoate, pelargonate and pyruvate) and of isoamyl acetate decreased during storage in bottles, caused by their hydrolysis (Ramey & Ough, 1980) . The hydrolysis of ethyl hexanoate and ethyl octanoate was more intense in wines previously matured in oak barrels, which presented a lower pH. Moreover, this effect may be caused, to some extent, by the absorption of some volatiles (e.g., ethyl octanoate) by oak wood (Ramirez et al., 2001 ). In addition, wines obtained by prefermentative cryomaceration presented higher levels of 2-phenylethyl acetate than others, caused by the development of cryophilic yeast (Charpentier & Feuillat, 1998) . Among other aroma compounds, it should be pointed out that the levels of heptanoic acid and benzaldehyde decreased during storage in bottles, but the levels of octanoic acid increased simultaneously; the latter may be partially due to the hydrolysis of ethyl octanoate. Moreover, levels of benzaldehyde were higher in wines matured in stainless steel tanks.
Multifactor ANOVA indicates that the length of storage in bottles was the most important factor affecting the volatile composition of Mencia young red wines (Table 3 ). This factor significantly affected (p < 0.05) most aroma compounds analysed, except 2-phenylethyl acetate. On the other hand, other factors only affected significantly (p < 0.05) eight, nine or ten of the 21 parameters under study. Three analytical parameters (isoamyl acetate, total anthocyanins and condensed tannins) changed significantly (p < 0.05) in relation to the five factors studied. Four technological factors affected significantly (p < 0.05) the levels of other three volatile compounds (ethyl pyruvate, diethyl succinate and benzaldehyde). 2-Phenylethyl acetate, the only analytical parameter that was not affected significantly by the length of storage in bottles, changed significantly (p < 0.05) for other three technological factors. However, six parameters (benzyl alcohol, 1-pentanol, 1-octanol, ethyl pelargonate, isoamyl lactate and octanoic acid) only changed significantly (p < 0.05) for one factor (length of storage in bottles). In the case of 1-heptanol, its content was under the limit of detection after three months of maturation in bottle; thus, to study the effect of the other four factors, only data obtained after nine months of storage in bottles was taken into account.
Summarising, the technological practice that appeared to be most important for levels of fermentation-related aroma compounds in Mencia wines was the length of storage in bottles, that significantly affected (p < 0.05) 18 of the 19 aroma compounds analysed. Moreover, the only aroma compound that was not affected by this factor (2-phenylethyl acetate) was significantly affected (p < 0.05) by factors F1, F2 and F3, related to winemaking and maturation procedures.
The study of the first, second and third order interactions among the five technological factors (F1, F2, F3, F4 and F5) and the 21 analytical parameters determined in wines is summarised in Supplementary Tables S1, S2 and S3, which show those interactions Table 3 Group mean values of several analytical parameters that are significantly affected (p < 0.05) for one or more of the technological factors assayed, and perception threshold, characteristic odour and variation interval of OAV for those volatile compounds which presented OAV > 0.2 in one or more wines. Perception thresholds are taken from the literature. Group mean values are expressed in lg/L, except for total anthocyanins and condensed tannins, which are expressed in mg/L. For key to codes of technological factors, Ferreira, Lopez, and Cacho (2000) . c Vilanova et al. (2012) . d Souid, Hassene, Palomo, Perez-Coello, and Ghorbel (2007) . that were significant (p < 0.05). The first order interaction between temperature of storage in bottles and length of storage in bottles (F4F5) was the most influential on the overall aroma profile; isoamyl acetate, 2-phenylethyl acetate and benzaldehyde being the aroma compounds most affected by first order interactions. The ethyl esters of fatty acids, as well as acetates, were also affected by the second order interaction between the previously mentioned factors and the length of maturation in containers (F3F4F5), as well as by the first order interactions F3F4 (length of maturation in containers and length of storage in bottles) and F2F5 (type of container used for maturation and temperature of storage in bottles). As was observed for first order interactions, isoamyl acetate, 2-phenylethyl acetate and benzaldehyde were the aroma compounds most affected by second and third order interactions. When single compounds were considered, it must be remarked that the contents of isoamyl acetate and 2-phenylethyl acetate were very sensitive to crossing effects between different factors and then, regarding the fact that variations due to main effects were small, the control of the content of these compounds by means of technological factors could be difficult. In the case of benzaldehyde, although several interactions were significant, they were negligible compared to the main effects. Levels of total anthocyanins and condensed tannins were relatively low (Tables 1 and 2) , as is expected in Mencia wines (Garcia-Falcon et al., 2007) ; the five technological factors had a significant effect (p < 0.05) on the levels of these components (Table 3) , as well as several first, second and third order interactions (Supplementary Tables S1, S2 and S3) .
The study of the odour activity value (Table 3) showed that 11 volatile compounds presented OAV > 0.2 for some of the wines under study. Moreover, nine volatile compounds presented OAV > 1 in some wines. Five volatile compounds formed during fermentation (ethyl lactate, octanoic acid, ethyl hexanoate, isoamyl acetate and ethyl octanoate) appear to be of importance to explain the aroma of Mencia wines, because they possessed OAV > 1 in every wine. Ethyl octanoate presented the highest OAV among those five volatile compounds. Thus, it is likely that these wines may have a fruity aroma and, in some cases, a light floral aroma.
Influence of phenolic composition on levels of aroma compounds
The study of linear correlation between the levels of total anthocyanins and condensed tannins and the different aroma compounds under study was carried out, to study the possible influence of phenolic compounds on wine aroma. For this study, only those aroma compounds that presented linear correlation coefficients higher that 0.65 (in absolute value) with total anthocyanins or condensed tannins (Table 4) were selected. As can be seen, total anthocyanins present a high correlation with 14 different aroma compounds, but only benzaldehyde showed a high correlation with condensed tannins.
To evaluate the influence of total anthocyanins on aroma compounds, a new set of multifactor ANOVA was carried out, considering the content of total anthocyanins as a sixth random factor. These analyses have shown that aroma compounds may be classified into two groups. The first group includes those aroma compounds that are affected significantly (p < 0.05) by the random factor total anthocyanins: 1-pentanol, ethyl isovalerate, ethyl octanoate and ethyl lactate. These data are shown in Table 5 . The second group is made up of those aroma compounds that are not affected significantly by the random factor total anthocyanins, despite their high linear correlation with the content of total anthocyanins (Table 4) : 2-phenylethanol, 1-heptanol, 1-octanol, ethyl pelargonate, ethyl heptanoate, isoamyl lactate, ethyl lactate and ethyl succinate.
Linear correlation between ethyl lactate and total anthocyanins is negative, but linear correlations between the other three volatile compounds of the first group mentioned above (ethyl isovalerate, ethyl octanoate and 1-pentanol) and total anthocyanins are positive. Thus, it appears that total anthocyanins may present a protective effect on those last three aroma compounds, probably due to the retention of these three molecules by coloured colloids present in red wines. As a consequence, the aromatic expression of Mencia wines could be affected to some extent by the content of total anthocyanins. Moreover, ethyl lactate and ethyl octanoate presented OAV > 1 in all the studied wines, and OAV values were remarkable high for ethyl octanoate (Table 3) . Thus, we may conclude that Mencia young red wines with a high content of total anthocyanins, that can be easily measured in the laboratory, are likely to contain higher levels of ethyl octanaoate (with a characteristic aroma of pineapple and pear) and lower levels of ethyl lactate (with a characteristic aroma of butter) than Mencia young red wines with low colour. These results may be of importance for winemakers, because the contribution of anthocyanins to taste quality scores of red wines is well established (Sommers & Evans, 1974) , and taste quality scores are the primary marketing information for high-priced wines in many wine markets, like California (Eyler, 1999) .
Conclusions
Several conclusions can be drawn from the assays. First, the length of storage in bottle was the most significant technological procedure on the levels of fermentation-related aromas in young red Mencia wines. Moreover, when first order interactions among the five technological factors assayed were considered, the most influential factors on the aroma profile of those Mencia wines were those factors related to storage in bottles: length of storage and 
